INTRODUCTION {#sec0005}
============

Sleep disturbance in dementia is a common symptom that decreases the quality of life of patients and caregivers, and increases the rate of cognitive decline and institutionalization \[[@ref001]\]. Sleep disturbance occurs in 25--60% of patients with Alzheimer's disease (AD) \[[@ref002]\] and may be one of the major predisposing factors that accelerate development of AD. Recent studies have suggested that the glymphatic pathway has a major role in clearance of amyloid-β from the brain \[[@ref003]\]. In this theory, cerebrospinal fluid enters the brain through the para-arterial space, and interstitial fluid is cleared from the brain through the para-venous space. Convective bulk flow between the influx and efflux pathways is important in clearing interstitial solutes, including soluble amyloid-β. A study in mice showed that sleep increased the clearance rate of amyloid-β \[[@ref004]\]. Therefore, sleep disturbance may lead to dysfunction of the glymphatic system, which may be followed by development of AD \[[@ref005]\], and an understanding of the mechanism of sleep disturbance in AD might reveal the pathophysiology of this condition.

Sleep disturbance in AD may be associated with physiological alterations in the suprachiasmatic nucleus (SCN) and pineal gland \[[@ref006]\]. Recently, melatonin has attracted attention as a cause of AD pathology, and we have shown that the volume of the pineal gland, which is the only organ that secretes melatonin, is significantly smaller in patients with AD than in those with mild cognitive impairment (MCI) and healthy controls \[[@ref007]\]. Since the pineal volume is also small in patients with primary insomnia \[[@ref008]\], we hypothesized that the pineal volume in patients with AD with sleep disturbance might be smaller than in those without sleep disturbance.

Neuroimaging studies have found diverse factors involved in sleep disturbance in AD, including reduced acetylcholine esterase activity in the brainstem \[[@ref009]\], hyperperfusion in the right frontal lobe \[[@ref010]\], and increased white matter hyperintensity (WMH) volume \[[@ref011]\]. Therefore, there is no strong evidence that leads to a single hypothesis that clearly explains the association between sleep disturbance and AD. Hence, we examined factors associated with sleep disturbance in AD, with a focus on gray matter volume, pineal volume, and WMH.

METHODS {#sec0010}
=======

Subjects {#sec0015}
--------

A retrospective cross-sectional study was performed in 63 patients with AD who were also included in a previous study \[[@ref007]\]. The inclusion criteria were 1) no use of antidementia or psychoactive drugs; 2) no significant history of psychiatric or neurological disorders (except AD), including stroke, cerebral hemorrhage, head injury, epilepsy, psychiatric disorders, alcohol abuse or a serious medical condition; 3) brain magnetic resonance imaging (MRI) performed before medication; 4) evaluation using the Mini-Mental State Examination (MMSE) \[[@ref012]\] and Neuropsychiatric Inventory (NPI) \[[@ref013]\] before the start of medication; and 5) meeting the National Institute of Neurological and Communicative Disease and Stroke-Alzheimer's Disease and Related Disorders Association (NINCDS-ADRDA) criteria for probable AD \[[@ref014]\]. Diagnoses were made by geriatric psychiatrists, and diagnoses of psychiatric disorders were based on the International Classification of Disease (ICD-10). Sleep disturbance was defined as a score of at least 1 point on the NPI sleep disturbance subscale. Medical charts were reviewed retrospectively and data at the first visit were used. The study was approved by the institutional Ethics Committee.

Image acquisition {#sec0020}
-----------------

All MR images were obtained with 3.0 T clinical scanner with an 8-channel head coil (Philips Achieva 3.0 TX, Best, The Netherlands). A T1-weighted three-dimensional magnetization-prepared rapid gradient-echo (MP-RAGE) sequence produced a gapless series of contiguous, thin sagittal sections with the following parameters: TR 6.9 ms, TE 3.3 ms, parallel imaging (sensitivity encoding), resolution 0.9 × 0.98 × 0.98 mm, number of slices 200, field of view 250 mm, and matrix 256 × 256. Fluid-attenuated inversion recovery (FLAIR) images were acquired using the following parameters: TR 11000 ms, TE 125 ms, parallel imaging (sensitivity encoding), resolution 5.0 × 0.98 × 0.98 mm, number of slices 22, field of view 230 mm, and matrix 213 × 256.

Image analysis {#sec0025}
--------------

Whole brain image analysis was performed using Statistical Parametric Mapping (SPM8; Wellcome Department of Cognitive Neurology, London, UK) and Voxel-Based Morphometry 8 (VBM8) tools in Matlab R2012b (Mathworks Inv., Sherborn, MA, USA). MP-RAGE images were bias corrected, normalized using a Montreal Neurological Institute (MNI) template, and segmented into gray matter (GM), white matter (WM), and cerebrospinal fluid (CSF) using the Diffeomorphic Anatomical Registration Through Exponentiated Lie Algebra (DARTEL) algorithm. Estimation of whole brain volume (GM + WM + CSF) was performed, using affine regularization for "East Asian brains". The segmented and normalized GM images were modulated by Jacobian determinants for non-linear warping only, which allowed comparison of the absolute amount of tissue corrected for individual brain volumes. GM images were smoothed using Gaussian kernels of 8 mm full width at half maximum.

Pineal gland volume (PGV) and pineal parenchymal volume (PPV) were measured as in previous studies \[[@ref007]\]. The pineal gland was identified using the reconstructed axial MP-RAGE slice. The pineal gland and pineal cysts were outlined manually using MRIcro software (<http://www.mccauslandcenter.sc.edu/mricro/mricro/>). PPV was defined as PGV minus total cyst volume ([Fig. 1](#jad-63-jad171169-g001){ref-type="fig"}). The periventricular hyperintensity (PVH) and deep white matter hyperintensity (DWMH) were assessed on axial FLAIR images using a modified Fazekas scale \[[@ref019]\].

![Examples of measurements of pineal gland volume and pineal parenchymal volume.](jad-63-jad171169-g001){#jad-63-jad171169-g001}

One rater (T.M.) blinded to the clinical data measured PGV, PPV, PVH, and DWMH in all subjects. In our previous study \[[@ref007]\], 14 randomly selected subjects were reassessed after at least four weeks by the same rater (T.M.). Another rater (A.I.) blinded to the clinical data independently made measurements in another 14 randomly selected subjects. The intra-rater intraclass correlation coefficients (ICCs) for PGV, PPV, PVH, and DWMH were 0.946 (*p* \< 0.001), 0.897 (*p* \< 0.001), 0.971 (*p* \< 0.001), and 0.960 (*p* \< 0.001), respectively, and the inter-rater ICCs were 0.844 (*p* = 0.001), 0.868 (*p* \< 0.001), 0.865 (*p* \< 0.001), and 0.891 (*p* \< 0.001), respectively.

Statistical analysis {#sec0030}
--------------------

Comparison between two groups was performed using independent group *t*-tests and chi square tests. Data were analyzed using SPSS 22 (IBM Corp., Armonk, NY, USA), with *p* \< 0.05 considered to be significant. In image analysis, a two-sample *t*-test was performed to compare AD with and without sleep disturbance using SPM8. Age and gender were included as covariates. A two-sample *t*-test using age, gender, and the NPI depression subscale score as covariates was also conducted. In addition, multiple regression analysis was performed in all AD patients to examine the brain regions that correlated with the NPI sleep disturbance subscale score, using age and gender as covariates. The statistical thresholds were set to an uncorrected *p*-value of 0.001 at the voxel level and a corrected *p*-value of 0.05 at the cluster level.

RESULTS {#sec0035}
=======

Characteristics of subjects {#sec0040}
---------------------------

The characteristics of the patients with AD are shown in [Table 1](#jad-63-jad171169-t001){ref-type="table"}. Nineteen patients had sleep disturbance and none had delirium.

###### 

Clinical characteristics of subjects

  Characteristic                      AD patients (*n* = 63)
  ---------------------------------- ------------------------
  Gender, Male/Female                         19/44
  Age, y                                    79.0 ± 6.9
  Duration of illness, y                    1.8 ± 1.4
  MMSE score                                20.1 ± 4.2
  Total intracranial volume, cm^3^        1292.0 ± 101.6
  PGV, mm^3^                               69.6 ± 39.2
  PPV, mm^3^                               61.2 ± 29.3
  Cyst, +/--                                  34/29
  PVH score                                 2.4 ± 0.7
  DWMH score                                1.8 ± 0.8

AD, Alzheimer's disease; DWMH, deep white matter hyperintensity; MMSE, Mini Mental State Examination score; PGV, Pineal gland volume; PPV, pineal parenchymal volume; PVH, periventricular hyperintensity. Except for sex, data are shown as the mean ± standard deviation.

Comparison between patients with AD with and without sleep disturbance {#sec0045}
----------------------------------------------------------------------

A comparison of the patients with AD with and without sleep disturbance is shown in [Table 2](#jad-63-jad171169-t002){ref-type="table"}. There were no significant differences in PGV, PPV, PVH, DWMH, MMSE score and duration of illness between the two groups. In the NPI, the depression subscale score was significantly higher in patients with AD with sleep disturbance. A two-sample *t*-test of whole brain analysis by SPM8 and VBM8 showed that the precuneus volume in AD with sleep disturbance was significantly smaller than that in AD without sleep disturbance ([Table 3](#jad-63-jad171169-t003){ref-type="table"}, [Fig. 2](#jad-63-jad171169-g002){ref-type="fig"}). A significantly lower precuneus volume (cluster size 1026; *p* = 0.016, MNI coordinates of peak voxels 0/-61/39, 8/-67/51, and 2/-61/52) in AD with sleep disturbance was also found in a two-sample *t*-test with age, gender, and NPI depression subscale score as covariates.

![Brain region involved in sleep disturbance in Alzheimer's disease (AD). The gray matter volume of the precuneus in AD with sleep disturbance was significantly smaller than that in AD without sleep disturbance. The statistical thresholds were set to uncorrected *p*-values of 0.001 at the voxel level and to corrected *p*-values of 0.05 at the cluster level.](jad-63-jad171169-g002){#jad-63-jad171169-g002}

###### 

Comparison between AD with and without sleep disturbance

  Characteristic                      AD with sleep disturbance (*n* = 19)   AD without sleep disturbance (*n* = 44)     *p*
  ---------------------------------- -------------------------------------- ----------------------------------------- ---------
  Gender, Male/Female                                 8/11                                    11/33                     0.175
  Age, y                                           81.5 ± 6.4                              77.8 ± 6.9                   0.052
  Duration of illness, y                           2.2 ± 1.7                                1.6 ± 1.2                   0.142
  MMSE score                                       19.3 ± 3.7                              20.5 ± 4.4                   0.317
  Whole brain volume, cm^3^                      1321.8 ± 110.4                           1279.1 ± 96.1                 0.127
  PGV, mm^3^                                      71.2 ± 31.6                              68.8 ± 42.4                  0.824
  PPV, mm^3^                                      66.3 ± 27.6                              59.1 ± 30.0                  0.373
  Cyst, +/--                                          9/10                                    25/19                     0.490
  PVH score                                        2.6 ± 0.5                                2.3 ± 0.7                   0.152
  DWMH score                                       1.9 ± 0.8                                1.8 ± 0.8                   0.475
  Sleep disturbance subscale score                 4.2 ± 3.0                                0.0 ± 0.0                  \<0.001
  Depression subscale score                        2.0 ± 2.4                                0.8 ± 1.8                   0.033

AD, Alzheimer's disease; DWMH, deep white matter hyperintensity; MMSE, Mini Mental State Examination score; PGV, Pineal gland volume; PPV, pineal parenchymal volume; PVH, periventricular hyperintensity. Except for sex, data are shown as the mean ± standard deviation.

###### 

Results of a two sample *t*-test

  Brain area    MNI coordinates at the   Z-value at the local maximum   Voxel *p* value (uncorrected)   Cluster size   Cluster *p* value (corrected)        
  ------------ ------------------------ ------------------------------ ------------------------------- -------------- ------------------------------- ----- -------
                          X                           Y                               Z                                                                     
  Precuneus              --2                         --63                            40                     4.44                  \<0.001              781   0.044
                          8                          --57                            51                     3.25                   0.001                    

MNI, Montreal Neurological Institute.

Multiple regression analysis in all AD patients {#sec0050}
-----------------------------------------------

The NPI sleep disturbance subscale score was inversely correlated with the regional GM volume in the precuneus, although this relationship was not significant at the cluster level (cluster size 14; *p* = 0.991, MNI coordinates of peak voxels -2/-63/41) ([Fig. 3](#jad-63-jad171169-g003){ref-type="fig"}).

![Brain region correlated with sleep disturbance subscale score in all patients with Alzheimer's disease. The statistical thresholds were set to uncorrected *p*-values of 0.001 at the voxel level.](jad-63-jad171169-g003){#jad-63-jad171169-g003}

DISCUSSION {#sec0055}
==========

Sleep disturbance is an early clinical symptom of AD \[[@ref002]\]. In this study, we found that sleep disturbance in AD was associated with a reduced precuneus volume. Histopathological deposition of amyloid in the precuneus occurs in the early stage of MCI \[[@ref020]\], and resultant damage leads to atrophy of the precuneus, as seen in early stage AD \[[@ref021]\]. Our patients were mostly at the early stage, since the mean duration of illness and MMSE score were about 2 years and 20 points, respectively. Therefore, our results suggest that sleep disturbance can emerge in early stage AD, in conjunction with damage to the precuneus ([Fig. 4](#jad-63-jad171169-g004){ref-type="fig"}).

![Hypothesis of mechanism of sleep disturbance in Alzheimer's disease (AD).](jad-63-jad171169-g004){#jad-63-jad171169-g004}

We found an association between precuneus volume and sleep disturbance even with the depression score included as a covariate, despite patients with AD with sleep disturbance having more severe depressive symptoms than those without sleep disturbance. This result supports the idea that reduction of the precuneus volume is related to sleep disturbance. The precuneus has important roles in cognitive function, including visuospatial imagery and episodic memory retrieval \[[@ref022]\]. It has thus been considered to be a key area for cognitive decline in AD patients. Our results further indicate that the precuneus is not only important for cognition, but is also related to sleep disturbance in AD. A study in healthy male subjects showed that the precuneus is associated with rapid eye movement (REM) sleep \[[@ref023]\] and sleep disturbance \[[@ref024]\], and results from normal subjects showed that the amyloid burden in the precuneus increases in self-reported sleep disturbance \[[@ref025]\]. Thus, there is ample evidence showing that the precuneus has functions relevant to sleep.

It is possible that sleep disturbance precedes the reduction of precuneus volume. This is because sleep disturbance may increase deposition of amyloid-β through dysfunction of the glymphatic system, resulting in development of AD pathology at the precuneus ([Fig. 4](#jad-63-jad171169-g004){ref-type="fig"}). A vicious cycle might form between sleep disturbance and atrophy of the precuneus. Therefore, longitudinal studies of the causal relationship between sleep disturbance and atrophy of the precuneus are required.

The pineal volume was smaller in AD than in MCI and in healthy subjects in our previous study \[[@ref007]\], which suggests that pineal dysfunction is a predisposing factor for AD progression. In the current study, however, the pineal volume was not associated with sleep disturbance in AD, which might be due to non-involvement of melatonin in this condition. Indeed, a meta-analysis showed the ineffectiveness of melatonin in AD patients with sleep disturbance \[[@ref026]\]. In contrast, the pineal volume is reduced in primary insomnia \[[@ref008]\], and a meta-analysis in patients with primary insomnia showed that administration of melatonin improved sleep disturbance \[[@ref027]\]. These results indicate that the mechanism of sleep disturbance in AD might differ somewhat from that in primary insomnia. Melatonin does not affect sleep disturbance in AD, but might be associated with sleep disturbance in the preclinical stage of AD and in development of AD pathology ([Fig. 4](#jad-63-jad171169-g004){ref-type="fig"}). Further studies are needed to evaluate whether melatonin affects sleep disturbance in preclinical AD.

Our results do not concur with previous reports showing changes in other brain regions in sleep disturbance in AD \[[@ref009]\]. Thus, the middle frontal gyrus has been associated with this condition \[[@ref010]\], and since the frontal and parietal lobes are involved in REM sleep \[[@ref028]\] and primary insomnia \[[@ref029]\], these lobes might also be associated with sleep disturbance in AD. WMH has also been identified as a factor related to sleep disturbance in AD \[[@ref011]\], but this was not found in the current study. This might be due to use of different assessment methods: the WMH volume was quantified in the previous study, but assessed using the Fazekas score in this study. Another potential issue may be the presence of delirium, since WMH is a risk factor for delirium \[[@ref030]\]. None of our patients had delirium, and this difference in patient population may have led to the lack of association of WMH with sleep disturbance.

Since the mechanism of sleep disturbance in AD is uncertain, treatment is not fully established. A systematic review found a lack of evidence for the efficacy of drug treatment for sleep disturbance in AD \[[@ref031]\]. There is only low-quality evidence that low-dose trazodone (50 mg/day) might improve the condition. Randomized controlled trials of benzodiazepine and non-benzodiazepine hypnotics have not been performed, although these drugs are commonly used for sleep disturbance in AD. The effectiveness of a cholinesterase inhibitor (ChEI) for sleep disturbance in AD is unclear. One observational study showed that galantamine improved sleep disturbance in AD and mixed type dementia, while donepezil did not do so \[[@ref032]\]. ChEIs are thought to increase regional cerebral blood flow mainly in the frontal lobe \[[@ref033]\], but a functional MRI study showed that galantamine increased functional connectivity in the posterior cingulate cortex and precuneus \[[@ref034]\]. Additional studies are required to examine whether activation in the precuneus improves sleep disturbance in AD.

There are some limitations in this study. First, since the study was retrospective and cross-sectional, it was not determined if sleep disturbance affects progression of AD. Second, sleep disturbance was not assessed using actigraphy and subjective sleep assessment. Instead, assessments of sleep disturbance and delirium were performed based on information from caregivers, and these assessments may have been influenced by caregiver bias. Third, since the serum concentration of melatonin was not measured, the relationship between melatonin and sleep disturbance in AD was unclear. Fourth, cognitive function was assessed only using the MMSE, and a difference in cognitive function between AD with and without sleep disturbance could confound the results of VBM.

In conclusion, the precuneus may play an important role in both cognitive function and sleep disturbance in AD. Previous studies have suggested that sleep disturbance precedes onset of cognitive impairments in AD \[[@ref002]\]. Neuropsychiatric symptoms including sleep disturbance are common in preclinical dementia, and are associated with an increased risk of development of dementia. Therefore, mild behavioral impairment has been a focus of attention \[[@ref036]\]. The precuneus and posterior cingulate cortex are associated with emergence of neuropsychiatric symptoms, including sleep disturbance, in preclinical AD \[[@ref035]\]. However, current and previous results suggest that the mechanism of sleep disturbance might differ between preclinical AD and AD ([Fig. 4](#jad-63-jad171169-g004){ref-type="fig"}). Therefore, further longitudinal studies are needed to investigate sleep disturbance in preclinical AD.
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